Abstract-Highly porous poly(D,L-lactic-co-glycolic acid) (PLGA) scaffolds were fabricated by a thermally-induced phase-separation (TIPS) method to deliver plasmid DNA in a controlled manner. A variety of TIPS parameters directly affecting pore structures and their interconnectivities of the scaffold, such as polymer concentration, solvent/non-solvent ratio, quenching methods and annealing time, were systematically examined to explore their effects on sustained release behaviors of plasmid DNA. Plasmid DNA was directly loaded into the inner pore region of the scaffold during the TIPS process. By optimizing the parameters, PLGA scaffolds releasing plasmid DNA over 21 days were successfully fabricated. DNA release profiles were mainly affected by the pore structures and their interconnectivities of the scaffolds. Plasmid DNA released from the scaffolds fully maintained its structural integrity and showed comparable transfection efficiency to native plasmid DNA. These biodegradable polymeric scaffolds capable of sustained DNA release can be potentially applied for various tissue engineering purposes requiring a combined gene delivery strategy.
INTRODUCTION
A wide range of biodegradable scaffolds were fabricated to serve as templates for regeneration of various tissues. Biocompatible and biodegradable PLGA scaffolds have been prepared by using various methods, such as thermally induced phase separation [1] [2] [3] , solvent casting/salt leaching, gas foaming/salt leaching [4] and expansion in supercritical fluid [5] . These polymeric scaffolds must have an open porous and well inter-connected three-dimensional structure for sufficient cell seeding and must provide a large inner pore surface area for cell attachment. In addition, a highly open porous structure is essentially required for facile transport of oxygen and nutrients to the seeded cells and for rapid removal of cell metabolic waste from the scaffolds. For successful tissue regeneration, various growth factors are also needed to stimulate cell proliferation, to induce angiogenesis and to guide cell differentiation. A diverse range of growth factors, such as vascular endothelial growth factor (VEGF) [6] [7] [8] , platelet-derived growth factor (PDGF) [8, 9] , epidermal growth factor (EGF) [10] , nerve growth factors (NGF) and bone morphogenic proteins (BMPs), have been loaded within the inner pore region of PLGA scaffolds to achieve their controlled release in a local tissue defect area [11, 12] . Slowly released growth factors from the scaffolds resulted in far better tissue formation [8, 13] . PLGA microspheres encapsulating various growth factors were sometimes seeded along with cells into the porous scaffolds to attain sustained release. While the controlled release of growth factors from the PLGA scaffolds is an attractive and straightforward method, it has some serious problems that must be solved. First, it was difficult to control their release rate over an extended period required for tissue formation. Very often, high burst releases at an initial stage were reported due to the porous nature of the scaffolds [14, 15] . Second, their biological activities after the release could not be fully guaranteed due to their structural instability during harsh loading processes into the scaffolds [16, 17] .
Naked plasmid DNA coding for a specific protein has been injected into a specific tissue to express the protein at the site [18, 19] . A single injection of naked plasmid DNA into cells at the target tissue results in appreciable protein expression in a detectable level, even though the transfection efficiency is low. To achieve sustainable and therapeutically effective protein expression, sustained delivery of DNA at the injection site is highly needed. Slowly released DNA from biodegradable scaffolds can provide an opportunity for continuous protein expression in the local tissue region [19, 20] . In this aspect, many porous polymeric matrices have been used to achieve sustained release of naked DNA. Poly(D,L-lactic-co-glycolic acid) (PLGA) scaffolds fabricated by gas foaming [8, 9] , particulate leaching, electro-spinning [21] and fusing of microspheres [22] were used for sustained DNA delivery.
Thermally-induced phase separation (TIPS) is a useful method for fabricating polymeric foams and scaffolds. The main principle of the method is a homogeneous polymer solution attained at high temperature being phase-separated into polymer-rich and polymer-poor domains by decreasing temperature. Subsequent freeze-drying of the solvent gives microcellular structures. Uniformly porous and interconnected structure can be attained through the phase separation when the quenching temperature is located in the unstable area [23] . Previously, we have shown that various TIPS parameters, such as polymer concentration, solvent/nonsolvent ratio, quenching method and annealing time, had great impacts on pore size distribution and their inter-connectivity of PLGA scaffolds. In particular, it was shown that the scaffold microstructure was highly dependent on quenching route and annealing time [24, 25] .
In this study, DNA-releasing PLGA scaffolds were prepared by the TIPS process. The scaffolds prepared by the TIPS process have a versatile and controllable array of pore morphologies that can be judiciously exploited for sustained DNA release, in contrast to PLGA scaffolds prepared by other methods. Luciferase plasmid DNA was directly dissolved in a mixed solvent of dioxane/water in which PLGA was also dissolved. The mixture solution of DNA/PLGA/co-solvent was subjected to various quenching processes by changing TIPS parameters. The pore size and their morphologies of the scaffolds were examined with scanning electron microscopy (SEM). DNA release profiles from the resultant scaffolds were determined over 20 days. The structural integrity and gene transfection capacity of the released plasmid DNA were also investigated.
MATERIALS AND METHODS

Materials
Poly(D,L-lactic-co-glycolic acid) (RG756, molecular mass 100 kDa) having a lactic/glycolic molar ratio of 75 : 25 was obtained from Boehringer-Ingelheim (Ingelheim, Germany) and used for the fabrication of scaffolds. Plasmid DNA (pCMV-Luc) was purified from Escherichia coli DH5α using a Qiagen column (Qiagen, Boulder, CO, USA). The concentration and the purity of DNA were determined by using spectrophotometric method. Lipofectamine™ and all reagents for cell culture were purchased from Gibco-BRL (Grand Island, NY, USA). All other chemicals and reagents were of analytical grade.
Preparation of scaffolds
A series of DNA-loaded polymeric scaffolds with different processing conditions was fabricated by thermally-induced phase separation (TIPS) as described previously [1, 2] .
Processing condition 1. PLGA polymer dissolved in 1,4-dioxane (5% (w/v) or 10% (w/v)) was mixed with DNA dissolved in deionized water at room temperature. The final concentration of DNA was 50 µg/ml. The solvent ratio of the co-solvent mixture (1,4-dioxane/distilled deionized water) was set to either 84 : 16 or 87 : 13 (v/v). The homogeneous mixture was poured into a metal cast for molding and quenched in liquid nitrogen or at −20
• C for 24 h. Solvents were removed by freezedrying.
Processing condition 2. To study the annealing time effect, PLGA polymer (10% (w/v)) was mixed with DNA solution at the solvent ratio of 87 : 13. The homogeneous mixture in a metal cast was maintained at −20
• C for 4 h, 12 h, 24 h and 43 h, in order to induce the coarsening effect. Solvents were removed by freezedrying.
Processing condition 3. PLGA-grafted poly(L-lysine) (PLL-g-PLGA) was used as an excipient to control release kinetics of DNA from the scaffold foam. PLLg-PLGA (PLGA RG502H, molecular mass 14 kDa, Boehringer-Ingelheim; PLL, molecular mass 25 kDa, Sigma; 5.6% grafted) was synthesized as previously described by using DCC (dicyclohexyl carbodiimide)/NHS (N-hydroxyl succinimide) chemistry [26, 27] . Prior to blending with DNA solution, the desired amount of PLL-g-PLGA was added to PLGA polymer solution. The final concentration of PLL-g-PLGA was adjusted to 0.05%, 0.1%, 0.5%, 1% and 5% (w/w). 10% (w/v) PLGA polymer solution containing PLL-g-PLGA was mixed with DNA solution at the solvent ratio of 87 : 13. The polymer/DNA mixtures were kept at −20
• C for 24 h and freeze-dried for solvent removal.
Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM, Philips 535M) was used to observe the internal pore structure of the scaffolds. The morphology of fractured cross-section was observed after gold coating by using a sputter-coater (Hummer V, Technics, Stanford, CA, USA). Argon gas pressure was set at 5 psi and the current was maintained at 10 mA for 5 min.
DNA release measurements
The scaffold containing 100 µg of DNA was immersed in 1 ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.4). The samples were incubated under mild shaking conditions at 37
• C. The release medium was collected and replaced with fresh medium at specified time (6 h, 12 h, 1, 3, 7, 14 and 21 days). The amount of DNA was determined by PicoGreen ® as fluorescent dye according to the manufacturer's recommendation (Molecular Probes, Eugene, OR, USA). The experiment was conducted in triplicate.
Agarose gel electrophoresis
The integrity of released DNA was evaluated by agarose (1.0%) gel electrophoresis. Electrophoresis was carried out with a current of 100 V for 20 min in TAE buffer solution (40 mM Tris/HCl, 1% (v/v) acetic acid, 1 mM EDTA). The DNA bands were visualized by ethidium bromide staining.
Cell culture and transfection
293 cells were purchased from Korea Cell Line Bank (Seoul, South Korea) and cultured in DMEM supplemented with 10% FBS, streptomycin at 100 µg/ml, penicillin at 100 IU/ml and 2 mM L-glutamine. Cells were maintained at 37
• C in a humidified 5% CO 2 atmosphere. 2.5×10
5 cells per well were plated in a 6-well plate (35 mm diameter, Nunc, Roskilde, Denmark) in 1.5 ml DMEM with 10% FBS 24 h before transfection. Transfection was carried out by using Lipofectamine™ according to the manufacturer's recommendation. To adjust the concentration of the samples collected at various time, the DNA fractions were pooled and concentrated using Centricon ® (Amicon, Danvers, MA, USA). The concentration was confirmed by PicoGreen ® assay and the same amount of DNA (1 µg) was used for each transfection. Luciferase gene expression was determined 48 h after transfection by using a commercial luciferase assay kit (Promega, Madison, WI, USA). The luciferase activity was monitored for 15 s in a Lumat LB 9501 luminometer (Berthold, Wilbach, Germany). The transfection efficiency was expressed as relative light units per mg of cell protein, of which the protein concentration was measured by using Micro-BCA assay (Pierce, Rockford, IL, USA).
RESULTS AND DISCUSSION
The TIPS process is based on a phase-separation phenomenon that a homogeneous polymer solution is separated into polymer-rich and polymer-poor phases by quenching at temperatures below a certain temperature boundary. When the temperature of a polymer solution is quenched deeply into an unstable zone below a spinodal curve, the phase separation occurs mainly by a spinodal decomposition mechanism. After a subsequent freeze drying process, a variety of porous polymer structures can be produced. The pore size and its inter-connection of the resultant scaffold are highly dependent on a slight change in various TIPS parameters including the molecular mass of the polymer, polymer concentration, co-solvent composition, quenching temperature and annealing time. In particular, the annealing time at a selected quenching temperature plays an important role in generating a macroporous structure by a coarsening effect in the later stage of the phase separation process [28] .
Plasmid DNA is a hydrophilic macromolecule with a hydrodynamic molecular size as large as approx. 1 µm [29] . Once entrapped within the porous polymer scaffold, its release rate is expected to be largely influenced by a diffusion rate through aqueous fluid filled pores. In this study, PLGA with a lactic/glycolic ratio of 75 : 25 with a co-solvent mixture of dioxane/water was used for a liquidliquid phase separation. Dioxane and water were chosen as a good and a poor solvent, respectively, for PLGA [1] [2] [3] 30] . As a preliminary study, three different formulations with two different polymer concentrations (5% and 10% (w/w)) and two different solvent/non-solvent ratios (84 : 16 and 87 : 13 (v/v)) were selected in order to pre-screen the optimized pore structures for DNA release. Plasmid DNA was directly added in the above co-solvent solution. The three different formulations were quenched at two different temperatures, liquid nitrogen and −20
• C for 24 h. Figure 1 shows the internal porous structures of the completed six scaffolds after freeze-drying. It can be seen that the porosity and inter-connectivities are highly dependent on the quenching temperature rather than on the polymer concentration and the co-solvent composition. Lowering the quenching temperature at −20
• C produced much larger pores in their structures. The pore size of the scaffold quenched at liquid nitrogen temperature was smaller than 5 µm, but the pore size was enlarged up to 30-50 µm when quenched at −20
• C for 24 h. The increased pore size was caused by the coarsening effect that phase separated polymer-poor (solvent-rich) droplets coalesce to form large droplet domain. The coarsening effect occurs more readily at higher quenching temperature because of an increased thermal energy. The obtained pore structures at lower quenching temperature are consistent with those reported previously [1, 2] . Figure 2 shows DNA release profiles from the six different porous PLGA scaffolds. The scaffolds quenched at −20
• C exhibit far better DNA release profiles than those quenched at liquid nitrogen temperature. They showed more sustained release profiles with higher extents of cumulative release, although initial burst releases were observed at the level of 30-50%, depending on the scaffold. These release behaviors are well expected from the observed pore structures of the scaffolds shown in Fig. 1 . Since the passive diffusion mechanism through the pores of the scaffolds is predominantly responsible for the DNA release, more open porous scaffolds caused more sustained DNA release. For the scaffolds (sample d in Fig. 1 ) prepared with the process conditions of 10% (w/w) polymer concentration, 87 : 13 dioxane/water ratio and −20
• C quenching temperature, DNA was released almost 100% in a diffusion controlled manner over 15 days. The DNA release profile follows a typical Fickian diffusion pattern, strongly suggesting that the release was diffusion controlled [31, 32] . It is also noted that the cumulative release percentages at the later stage of incubation are highly variable, depending on the scaffold. This reveals that the pore inter-connectivity, in addition to the pore size, was a very critical factor in releasing large DNA molecules through the scaffolds. During the TIPS process, hydrophilic DNA molecules would be preferentially located in the polymer-poor (solvent-rich) region, which eventually results in the physical entrapment of DNA within the pores. Thus, the sustained release of plasmid DNA through the scaffolds was most likely to occur in a snake-like reptile mode by diffusion through water-filled porous and tortuous pores generated during the TIPS process. Since the polymer skeleton composed of PLGA 75 : 25 degraded very slowly over the study period, a polymer erosion-assisted diffusion mechanism may probably play a minimal role in the sustained release.
To study the effect of annealing time on the formation of the internal pore structures, the polymer solutions prepared with 10% (w/w) polymer concentration 
• C for different periods of time (4 h, 12 h, 24 h and 43 h). Previously, we reported that by increasing the annealing time, the coarsening of phase-separated domains led to dramatic enlargement of the pore sizes and the extent of inter-connection between pores was also enhanced. Figure 3 shows SEM images of cross-section for different PLGA scaffolds annealed for different periods. By increasing the annealing time to 43 h, the pores in the scaffold were enlarged to over 50 µm. Inter-connected channels between the pores were also well developed. In contrast, the pores in the scaffold annealed for 4 h have an isolated and closed structure. A diverse array of such porous morphologies was clearly developed with time by the coalescence of thermodynamically unstable polymer-poor domains. Figure 4 shows DNA release profiles from these scaffolds as a function of annealing time. It can be seen that more open porous scaffolds, prepared by annealing for a longer period of time, tend to rapidly release plasmid DNA with higher extents of initial burst and more complete release percentages can be observed at the later incubation stage. This is consistent with the aforementioned finding that open porous structure in the scaffold plays a key role in controlling the diffusion rate of plasmid DNA.
To further control the release rate of DNA from the scaffolds, PLGA-grafted poly(L-lysine) (PLL-g-PLGA) was blended at different weight ratios with PLGA to produce PLL surface coated PLGA scaffolds. By blending PLL-g-PLGA with PLGA, it was anticipated that a hydrophobic part of PLGA in the PLL-g- PLGA graft copolymer was anchored in the PLGA skeleton bulk phase, while a highly positively-charged PLL part was oriented on the pore surface towards the aqueous phase. By this surface coating strategy, it was postulated that physically entrapped DNA in the pores might interact with surface exposed PLL via ionic interactions, possibly resulting in more retarded diffusion through the pores. Different concentrations of PLL-g-PLGA were blended to investigate the effect of incorporation of positively-charged materials on the DNA release.
There was no significant change in the morphology of porous PLGA scaffolds when PLL-g-PLGA was blended. Figure 5 shows that even a small weight ratio of PLL-g-PLGA in the blend mixture can effectively retard the rapid release of DNA from the scaffold. This indicates that ionic interactions really occurred between PLL immobilized on the pore surface and negatively charged entrapped DNA. Ionic adsorption of DNA on the pore surface impeded the passive diffusion of DNA through the scaffolds. The very low cumulative release of DNA after prolonged incubation, despite substantial decrease of the blending ratio, was likely to be caused by effective surface clustering of PLL backbones that were strongly interacted with DNA. Adjusting the molecular weight of PLL and changing the graft percent in the graft copolymer structure would be helpful in fine-tuning the DNA release kinetics.
The structural integrity of released DNA was examined by agarose gel electrophoresis. Figure 6 shows the electrophoresis result for DNA released from the scaffold, prepared with the condition of 10% (w/v) polymer concentration, 87 : 13 dioxane/water ratio and quenching at −20
• C for 24 h. Up to 21 days, the released DNA fraction, collected at different time intervals, maintained structurally intact forms. The released fraction had the same band densities of linear, open-circular and supercoiled DNA species as a function of incubation time. In particular, the amount of supercoiled DNA species did not change significantly for the release period. The same results were obtained in the experiments using other sets of TIPS processing parameters. Since the polymer scaffolds did not degrade significantly over the release period and they have a highly porous structure, the internal pH within the pore channels of the scaffolds was likely to be neutral, due to facile exchange of buffer medium in and out of the scaffold. This is the most possible reason for preserving the DNA structure. Often, it was reported that chemical degradation and fragmentation of entrapped DNA within fast degrading PLGA matrices took place by an acidic microenvironment created by accumulated degradation products of PLGA [11, 13, [33] [34] [35] . To investigate the structural integrity and function of released DNA, 293 cells were chosen and transfected using a commercial tranfection agent, Lipofectamine. Figure 7 shows transfection efficiencies of luciferase plasmid DNA fraction released from the scaffolds. There were no significant changes in the extent of luciferase gene expression for the released DNA fraction collected at different time intervals, supporting that the released DNA was structurally and functionally intact. While DNA was released from the scaffolds in a controlled manner, its transfection efficiency in a naked form was very low in vitro and as well as in vivo. It remains to see whether the DNA releasing scaffolds, when implanted in vivo, will exhibit an appreciable degree of gene transfection in the tissue. In our preliminary result, it was found that a detectable level of luciferase was expressed in a subcutaneous tissue of rats. More detailed studies to enhance the in vivo gene expression are now under way.
CONCLUSIONS
Open porous PLGA scaffolds capable of releasing DNA in a sustained manner were fabricated by using the thermally-induced phase-separation (TIPS) method. A diverse range of porous scaffolds with different internal morphologies could be produced by controlling various TIPS parameters. It was evident that the internal structures were greatly influenced by quenching route and annealing (coarsening) time. DNA was slowly released over 20 days and its profile was highly dependent on internal pore structures and their inter-connectivities. DNA release profiles could be readily controlled by varying TIPS parameters. Specifically, longer coarsening time at relatively higher quenching temperature produced larger pores with a well-developed inter-connected structure in the scaffold. The released DNA was structurally intact for 21 days and maintained its biological function as determined by measuring its gene expression degree of luciferase. DNA-releasing PLGA scaffolds can be potentially used, as a dual functional delivery vehicle of DNA and cell, for various tissue regenerations.
